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Experimental data are presented which illustrate the
effect of cigarette fabrication methods and materials on
the level of combustion products in the, mainstream smoke
gases. As the length of the unconsumed cigarette becomes
shorter, the, concentration . of combustion products in the
smoke gas increases. ) i )

The porosity of the cigarette paper is a primary factor -
which_contributes to the dilution of components in the
mainstream  gas. Measured burn temperatures were ob-
served to be slightly lower (A28°C) for cigarettes fabricated
with high porosity paper. Measurable differences in- the
composition of the smoke gas have also been observed
with changes in the permeability of the cigarette wrapper.

INTRODUCTION

" Previous reports by the authors (1,2) and by others
(8,4) have shown that certain additives to cigarettes
modify the composition of cigarette smoke. These
compositional effects may arise from changes in com-
bustion processes and/or changes in burn tempera-
ture induced by the additive (5). The objective of the

study (2) was, through the use of such additives, to.

remove substances from the vapor phase. of cigarette

smoke which may be detrimental to health (2).
During the course of our work with additives, it

was noted:-that certain factors, related to the physical

design of the cigarette, affected concentration levels’

of vapor phase constituents in cigarette smoke. Al-
though not new (3,4), our observations were considered
significant, in that they indicated that by modifying
such parameters as porosity of the cigarette paper,
length of cigarette and others, one could effect greater
changes, more conveniently, in the vapor phase of cig-
arette smoke than by the use of additives. In addition,
the observations suggested that some of the effects
noted with some additives may have been due, in large
measure, to the way these additives were intermixed
with the tobacco, and the resulting orientation of to-
bacco fibers and additive within the cigarettes.

In the present report, we show how changes in cer-
tain aspects of cigarette udesign’ affect smoke gas com-
position. !

EXPERIMENTAL -

The fabrication of cigarettes and their character-
istics, the smoking apparatus, methods of smoke: col-
lection, sampling and analytical techniques have been
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described in the previous paper (2).
In the present report, control cigarettes refer to

 commercially obtained, filterless (85 mm.) -cigarettes.

All test cigarettes were fabricated from tobacco which
had been removed from the control cigarettes. Varia-
tion in the fabrication testing included the use of a

_ different grade of cigarette paper, modifications to: the

paper, change in cigarette length, and a change in the
packing of the tobacco fibers. The test cigarettes (85
mm.) were fabricated in the laboratory. from “new”
cigarette paper, and from tobacco (thoroughly mixed)
taken from the commercial cigarettes (2). :

RESULTS AND DISCUSSIONS

When tobacco was. removed from commercial cig-
arettes, thoroughly mixed, and used to fabricate new
cigarettes with a different grade of paper, the result-
ing cigarettes were observed to burn at lower tempera-
tures (A28°C) and produce lower levels of combustion
products than their commercial analogs. The lower
burn temperature was calculated from average burn
temperatures measured for over 100 cigarettes of ea.ch
type. It was also observed that the cigarettes which
were fabricated in the laboratory took longer to burn
to a 30 mm. butt length. Measured burn time for the
test cigarette was 11.04 minutes as compared to 8.22
minutes for the -control cigarette. These effects were
believed to be due to a change in the draw of air through
the refabricated cigarettes brought about by 1) the
use of more porous cigarette paper, or 2) .the reori-
entation o fthe tobacco fibers in the refabricated cig-
arettes. v ,

To investigate further the effect of draw on burn
temperatures and . smoke compoSition, cigarettes, were
prepared in varying lengths from 50-150 mm. and tested.
Burn temperature measurements (Table 1) and smoke
analysis (vapor phase, Table 2) showed that while
there was little change in burn temperature with

changes in cigarette length, there was ksigni;ﬁcant

change in the levels of certain cigarette smoke con-

Table 1. Effect of cigarette length on the cigarette
burn temperature.

Length, mm Burn-Temp.; °C
- Control cigarette 85 849
- Control cigarette 50 847
Test cigarette . 50 818
Test cigarette . 85 821
Test cigarette 100 829
Test cigarette- . 150 7992
Test cigarette with  double paper 88 851

adverage of 782 and 816 degrees, C.




. Figure 1.

‘stituents. The ‘levels of all constituents which were
determined decreased, with the exception of oxygen.
with increasing cigarette length. Inasmuch as their
relative proportions appeared to remain, more or less
constant, it seemed likely that these constituents were
being diluted with air drawn through the length of the
cigarette paper (6), and/or channeled between the
burning cone and the paper. It is interestine to note

Table 2. Effect of cigarette length on the composition of
cigarette smoke gases.
Mol % .
Meth- Eth- Eth-

: H: ©O: CO CO; ane ane ylene
Control (50 mm) 2.86 880 4.1 10.10 0.90 0.1117 0.0564
(85 mm) 1.38 1346 3.00 - 743 0.43 0.0805 0.0389
Test (50 mm) 1.37 1350 230 145 046 0.0814 00394
(85:mm) 0.82 1401 1.78 546 0.28 0.0489 0.0244
(H00 mm) 0.76 1541 1.65 391 028 0.0463 0.0210
(150 mm) 033 1569 1.08 3.04 0.15 00319 0.0149

Table 3. Effect 'o,f cig_/arette paper porosity on the concentration
- of components in cigaret’t‘e ls;}mke. :
: ; ol %

Burn '
. . ‘Temp o Meth- Eth- . Eth-
Cigarette (85mm) °C H. ©O. CO CO: ane ane ylene
~Control ; 849 1.38 1346 3.00 7.43 043 0.0805 0.0389
Control (Cellophane 832 272 8.83 4.94 1043 055 0.1229 0.0606
" tape 40 mm) . o } .
Control - 8172 348 7.36 5.10 13.23 0.94 0.1470  0.0835

" (Diethylene glycol)
Control. tobacco plug T e
in_lab paper .= 087 13.61 1.98 — 027
Test o 821 0.82 1401 1.78 5.46 0.28
Test = ...

(Double paper)

2 0.0489 0.0244
851 LI6 1378 224 739 037 00914 0049

" aFyee b'um%m}' phf&pi]ée -

‘rette becomes shorte

Figure 2,

that the burn temperature ds well as the level of com-
bustion products of the test cigarette (85 mm.) modi-
fied by encasement in an additional layer of cigarette
paper was in good agreement with the control cig-
arette. ’

The data showing the relationship between ciga-
rette length and levels of certain smoke constituents
are presented graphically in Figures 1-3. Extrapola-
tion of the data to an “unusually” long cigarette indi-
cates that at lengths of 250 mm. (or greater) the gas
drawn through the cigarette might consist of air and
tobacco volatiles only, At this point (250 mm.), negli-
gible air would be drawn through the burn cone; the
cigarette should be free-burning even during puffing- at
the mouthpiece.

On the other hand, the concentration level of com-
ponents in the vapor phase produced from an “in-
finitely” short cigarette might be similar to that from
a cigarette wrapped with nonporous paper, e.g., sealed
With'céllopha-ng tape of diethylene glycol (Table 3).
Extrapolation of the curves in Figures 1-3 to a ciga-
rette length of 25 mm., for example, should give con-
centration levels of vapor phase constituents when
porosity effects are at a minimum. (In.the present
instance, a length of 25 mm. was chosen to represent
minimum porosity because all analyses were made on
the fifth puff which was 15 mm. from the lit end of
the cigarette; in addition, a length of 10 mm. was
confined within the Cambridge filter holder. In Fi-
gures 1-3, an effective paper length is thus noted.):
If a cigarette is examined as a whole, rather than on
the basis of a single puff, it follows, therefore, that’
the dilution effect should be minimized as the ciga-

(i.e., is smoked “down”). Such
ble 4. When the cigarette
ion_level of combustion:

an effect is illustrated
becomes shorter, t



products becomes greater. Differences in the values
obtained with the control cigarette and the test ciga-
rette reflect differences in the porosity of the ciga-
rette paper (vide infra). ]

That the porosity of the cigarette paper played a
significant role in the dilution of smoke components
with air was demonstrated by modifying cigarettes
to reduce the porosity of the paper. For example,
when commercial (85 mm.) cigarettes were sealed

with cellophane tape for 40 mm. of their length (25 mm. '
from the lit end) and then smoked (on a smoking and

smoke collection apparatus), there resulted a significant
increase in levels of combustion products in the smoke
gas and corresponding decrease in the oxygen content
(Table 8). This effect was even more pronounced
when the cigarette paper was impregnated with di-
ethylene glycol (Table 3). The data are interpreted to
suggest that in addition to sealing the cigarette paper,
the channels between the paper and the tobacco were
algo sealed, thus producing much less dilution than
was observed with the cellophane tape. In addition,
a test cigarette fabricated with a double rather than
single layer of cigarette paper also produced a marked
increase in the quantity of combustion products in the
smoke gas (Table 3). Moreover, when the tobacco
from a commercial cigarette was removed carefully
as a plug, rerolled in the “test” cigarette paper, and
the resulting cigarette smoked, lower values (Table
3) for levels of hydrogen, methane and carbon mon-
oxide were obtained. Thus, the change in cigarette
paper grade was primarily responsible for ’t‘he lower
level of combustion products. »

Turther evidence that the concentration level of
components in the smoke gas is influenced by the
porosity of the cigarette paper is illustrated in Table
5 where cigarettes with perforated cigarette papers
are shown to produce considerably less combustion
‘products than their unperforated analogs. It is sug-
gested that perforation of the filters of filtered ciga-
rettes would give similarly low yields of components
in the vapor phase. However, as noted by the non-
proportional change in some of the components listed
in Table 5, other factors such as absorption of the
smoke constituents by the tobacco; followed by recom-
bustion or pyrolysis may govern the choice of perfo-
rating the paper of the filter.

CONCLUDING REMARKS

This report and the one (2) preceding it have
demonstrated that the composition of the vapor phase
of smoke can be influenced by the use of combustion

. modifiers (2), and by changes in the physical design
of the cigarette. Specifically, the most significant fac-
tor affecting the level of combustion products in ciga-
rette smoke is apparently the extent to which air can
infiltrate the cigarette paper or channel between the
burn cone and the paper; this infiltration (or chan-
neling) may be regulated by changing the porosity
of the cigarette paper, by changing the effective
length of the cigarette, or by reorienting the packing
of the tobacco within the cigarette. An equivalent

effect could be achieved by the insertion of holes in

either the paper, or in the filter of filtered cigarettes.

It may be argued that, whereas, higher- permeability

of the cigarette wrapper produces lower concentra-

tions of some constituents in the smoke gas and a ¢

‘responding increase in
e ' ¥ ”» o

] ;

Figure 3: Figures 1-3—Effect of cigarette length on the composition of
cigarette smoke.

selected constituents based on the analysis of the fifth
puff and the total number of puffs: control cigarette
—_0.86 ml of carbon monoxide and 84.7 micrograms
of acrolein; test cigarette—0.68 ml. of carbon monox-
ide and 62.9 micrograms of acrolein in the mainstream
smoke gas. While adsorption and/or pyrolysis may be
responsible for these differences, it is of interest to
note that a similar calculation based on the last puft
‘“from each type of cigarette also indicates a lower
total yield of carbon monoxide from the test cigarette.

In addition to a general increase in the concentration
of components in the gas phase, with decreasing cig-
arette length, some changes are also noted in the spe-
cific composition of the gas. For example, the ratio of
carbon monoxide to hydrogen or methane increases
as the length of the smoke path becomes shorter
(1,8,9.

Although no data were obtained during this study on
the effect of air infiltration on levels of particulate’

Table 4. The composition of smoke gases for control and
reference cigarettes smoked at butt lengths of
70 mm and 30 nh}m.o

ol %
Butt
. length 2 O, CO.  Methane
Control cigarette 70 mm 1.38 13.46 . 3.00 043
Control cigarette 30 mm 2.62 1057  ~ 3.84 0.71
Test cigarette 70 mm 0.82 14.01 1.78 0.28
Test cigarette 30 mm 1.38 12.68 2.64 0.45

Table 5.> Effect of perforateda cigarette paper on the
composition of cigarette smoke gases.
{ Mcg/35 ml puff :

.Conmfrel i Test i
- Without holes With holes Without holes With holes
36.1: 18.3: 24.1 g

Methanol 24.6
Acetaldehyde 74.0 35.0 46.9 11.0
At;efonifrirs‘ 14.3 8.7 12.8 28

Acrolein : 9.2 7.1 ~ 57 23
Acetone 40.6 406, 270 8.l

G ‘E{é‘}if"'?in’holés,‘c~(2 vows of four each along the, length of hg
,g_a/rettz:);' s : e Ll a




matter, nicotine, benzo (a)pyrene and phenol iin the
smoke it seems reasonable that the levels of these
‘materials. would also deerease with in¢reasing length
of the cigarette and increasing porosity of the cigarette
_paper. Schur and Rickards (10) have shown that high-
“er permeability of the cigarette paper results in lower

“tar” yield, and changes in smoke composition with

changes in the por sity of the cigarette paper have
been indicated by Libp and VanNooy (6).

SUMMARY

Changes in the composition of the vapor phase of
cigarette smoke were effected by changing certain
physical parameters of a cigarette—such as length of
cigarette, and porosity of cigarette paper. In general,
these. changes were instrumental in regulating the
quantity of air infilltrating the cigarette and in -most
favorable instances produced dilution of smoke gas
components. The cigarettes modified to give less air
drawn through the combustion zone gave measurably
lower average burn temperatures as well as a greater
number of puffs. :
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